. The tissue strip assay, in particular, has 33 been used extensively in numerous studies (e.g. most recently by Lan et al. [20] ) aimed at inves-34 tigating AHR. Observations between the different experiments have sometimes been difficult to 35 reconcile given the potentially different strains being imposed, the existence (or lack) of parenchy-36 mal tethering and changes in geometry such as between the strip and the intact airway. Here, we 37 hypothesise that the geometry and structure of the intact airway wall in vivo and in vitro poten-38 tially provides a dynamic micromechanical environment to the ASM not present in the isolated 39 ASM strip, which may in turn play an important role in AHR.
40
In order to understand the influence of these different factors in both quasi-static and dynamic The airway is assumed to be an axisymmetric cylinder of fixed length. R a and R b are the undeformed radii of the inner wall of the airway (lumen) and outer wall of the airway respectively. r a and r b are the corresponding deformed radii. Rings of ASM and collagen fibres are embedded into the airway with representative fibres shown as dashed lines located at a general radius R and r in the undeformed and deformed states respectively. There are many such fibres, represented in the model as a density. The active contractile force, A, produced within the fibres is governed by the Huxley-Hai-Murphy model developed by Mijailovich et al. [27] which combines the Huxley sliding theory [15] and and the Hai-Murphy four-state theory [8] (see [10] for details). The tissue strip is assumed to be long and thin. Fibres are embedded in the strip along the s-axis (shown by dashed lines). Material parameters are the same as in the airway wall. Application of transmural pressure fluctuations and agonist in the model gives predictions of time-dependent circumferential strains and stresses within the airway. The dynamic circumferential strain at the undeformed midpoint of the wall (R b − R a )/2 is applied to the tissue strip as a length fluctuation which results in the generation of dynamic longitudinal stress. The predicted circumferential (hoop) stress and longitudinal stresses are compared with each other.
Case
0, 2.5 0.005, 0.025, 0.05 0.3R a 100 0.1 Protocol 2 5 0, 1.25, 2.5, 5 0.025 0.3R a 100 0.1, 0.01 Table 1: Table of the parameters used in the airway for the two protocols. Pressures are measured in cmH 2 0. χ represents the wall thickness in terms of the lumen radius when zero transmural pressure is applied. k 1 is the phosphorylation rate of myosin crossbridges via myosin light chain kinase (in the HHM model) and is proportional to agonist level in our simulations. g 1 is a parameter that governs the strain-dependent detachment of so-called latch bridges (in the HHM model); remaining rate parameters used are as given in Mijailovich et al. [27] .
minutes) during (i) static conditions and (ii) application of transmural pressure oscillations

150
of fixed amplitude to mimic tidal breathing.
151
Protocol 2: Initially agonist is applied to the airway so that it contracts for 15 minutes. Transmural 152 pressure oscillations of increasing amplitude (each for 15 minutes) are then applied to the 153 constricted airway while agonist concentration is held fixed.
154
In these simulations, the contractile force generated through application of increasing agonist con- where ∆P T M is the amplitude of the transmural pressure oscillations. Here the period of oscillation 158 t 0 = 5s matches the experiments of LaPrad et al. [21] . Table 1 gives the parameter values used for 159 each protocol. The transmural pressure is generated by setting the stress at the outer boundary, τ b ,
160
to zero and varying the stress acting on the lumen, τ a , in the time-dependent manner described by 161 (3.1) with τ a = P T M . These boundary conditions are chosen specifically to match experimental 162 conditions; the appropriate boundary condition for simulating an in vivo case would be to vary τ b
163
and fix τ a , mimicking the effect of the pleural pressure pulling the airway outward. For the airways 164 used in the experiments of LaPrad et al. [21] , under zero transmural pressure, the undeformed
165
thickness is approximately 0.3 times the lumen radius (R b = 1.3R a ). 3.1 Effect of transmural pressure oscillations on hoop stress and regional compliance.
168
Although the lumen radius, airway wall thickness and strain can be measured experimentally in 169 isolated intact airways [21, 9] tensile at the outer wall ( Fig. 3(a) ). The compressive hoop stress can be explained by considering 179 the forces acting on a tissue element within the airway wall ( Fig. 3(b) ). Close to the lumen, the static hoop stress-radius curves (black curves) for increasing agonist. Superimposed on these are 187 static transmural pressure isolines (red and blue curves) indicating how application of a given static 188 P T M results in a particular radius and hoop stress. In order to highlight the effect of the stress het-189 erogeneity, stress-radius curves are shown for hoop stress at the outer radius ( Fig. 4(a) ) as well
190
as at the lumen radius (Fig. 4(b) ). We also superimpose on these the dynamic stress-radius loops 191 that result from P T M oscillations for Protocol 1 (green loops) and Protocol 2 (magenta loops). We
192
observe the following strikingly contrasting behaviour between the outer wall and inner wall.
194
Undeformed radius -mm Figure 3: (a) Static hoop stress plotted as a function of position within the airway wall at P T M = 7.5cm H 2 O for increasing agonist, with the black curve representing hoop stress distribution at zero agonist and the red curve the highest agonist level k 1 = 0.05, used in Protocol 1 simulations. (b) Schematic illustrating the magnitude of the active force, A (width of the arrows indicate magnitude), relative to the passive forces within a tissue element near the lumen and the outer wall. Near the lumen, the active force can be smaller than the passive force and so the resulting hoop stress on neighbouring elements can be compressive (i.e. τ θθ < 0) while at the outer wall the active force can be much greater generating a tensile hoop stress (τ θθ > 0). ECM contributes to the passive forces as it is recruited during stretch, but not during shortening when it becomes de-recruited.
Outer radius -mm Hoop stress at lumen -cmH Figure 4: (a) Static hoop stress at the outer wall plotted as a function of the outer radius and (b) static hoop stress at the lumen plotted as a function of lumen radius for increasing agonist (black curves; k 1 = 0 up to k 1 = 0.05). Points on the black curves that are of equal transmural pressure are connected by the red and blue curves and are effectively transmural pressure isolines. Green hoop-stress/radius loops are results of the Protocol 1 simulations showing the effect of increasing agonist on transmural pressure oscillations of fixed amplitude with P T M 0 =7.5cmH 2 O. Magenta hoop-stress/radius loops are results of Protocol 2 simulations in which increasing amplitude pressure oscillations are applied about P T M 0 =5cmH 2 O at a fixed agonist level. The dark blue solid circle refers to the unactivated, unstressed state, the cyan solid circle refers to the baseline (initially prestressed) state (B) and the grey solid circle refers to the contracted (C) state (i.e., after application of agonist) for Protocol 2 simulations. Short green arrows indicate the shift from the static hoop stress and radius at P T M 0 to the mean hoop stress and radius of each green loop for Protocol 1 simulations indicated by the black open circles. Magenta arrows indicate the shift from the grey solid circle for the Protocol 2 simulations. Inset (a): a zoom-in of the isopressure curves for P T M 0 =2.5 and 5 cmH 2 O showing modification in hoop stress -radius behaviour. Inset (b): dimensionless hoop-stress at lumen and outer wall as functions of strain overlaid on each other to illustrate different stress-strain behaviour at the two airway locations.
For P T M ≤ 0 and increasing agonist, static hoop stress increases at the outer wall, but de-creases at the lumen. The static outer hoop stress and undeformed outer radius for a non-activated 196 airway are given by the intersection of the zero-agonist curve and the zero P T M curve (Fig. 4(a) ).
197
Increasing agonist while keeping P T M = 0 causes an increase in hoop stress at the outer wall 198 as the airway narrows. This is as would be expected, given that contractile force increases with 199 increasing agonist. This is also true for negative transmural pressure as indicated by the light blue 200 curves for P T M < 0. At the lumen, however, the hoop stress decreases with increasing agonist (as 201 is so for all P T M ). We return to this point in the Discussion. ing contraction, for a range of transmural pressures (red curves in Fig. 4(a) ) we find that hoop 207 stress decreases to a minimum with increasing agonist before increasing again (inset in Fig. 4(a) ). Fig. 4(a) proportion to ∆P T M (magenta arrows), but the change in mean stress is relatively small. At the lu-228 men (Fig. 4(b) ) however, the modification to the pressure isoline for Protocol 1 (open black circles)
229
does not follow the downward shift seen at the outer radius. Application of P T M oscillations at 230 low agonist causes an increase in hoop stress (right-most green arrow) in contrast with the higher 231 agonist loops (left-most green arrows).
233
The stiffness of the airway wall varies from lumen to outer wall and depends on agonist level.
234
The contrasting behaviour between the lumen and outer wall can be explained by comparing the 235 static stiffness of the airway wall for low and high agonist levels ( lumen radius -mm for which the density of the ECM and ASM fibres are decreased and increased respectively by 50%.
288
Although identical stretches are applied to both strip and airway, the longitudinal stress in 
Figure 7: Plots of the dynamic hoop stress as a function of dynamic stretch (resulting from application of P T M fluctuations) at the inner (red) and outer (green) boundaries of the airway wall and longitudinal stress in a tissue strip (blue) plotted as a function of (a) k 1 and (b-c) ∆P T M . In (b-c), B on the x-axis refers to the baseline (initially prestressed) state (cyan circle in Fig. 4 ) and C refers to the contracted state i.e., after application of agonist (grey circle in Fig. 4) . Also plotted is the resultant stress in a modified strip (black) i.e. when the influence of the ASM and collagen are respectively increased and decreased by 50%. All the resultant stresses (at the lumen, outer radius and in the strip) are reported as functions of the stretch applied at the mid-line of the airway thus allowing the loops to have the same x-axis range and enabling effective comparison of the corresponding magnitude of stress. The left column contains results for Protocol 1, with the dashed and solid lines indicating the static and tidal transmural pressures (respectively). Dynamic force-length loops for a single pressure oscillation are shown for (d) k 1 = 0.005, (g) k 1 = 0.025 and (j) k 1 = 0.05. Results for Protocol 2 are shown for either g 1 = 0.1 (middle column) or g 1 = 0.01 (right column) -a parameter that governs the strain-dependent detachment of so-called latch bridges (in the HHM model). Dynamic force-length loops for a single pressure oscillation are shown for (e,f) ∆P T M = 1.25 cmH 2 0, (h,i) ∆P T M = 2.5 cmH 2 0 and (k,l) ∆P T M = 5 cmH 2 0. Note that for dynamic cases the stress is plotted at the end of a complete oscillation. fraction in the modified strip leads to a smaller stress (Fig. 7(a-c) ). This behaviour is modified in the presence of agonist. For protocol 1, as the strip is activated and contracts, the contribution of 310 the collagen to the stress reduces exponentially, with smaller reduction in the modified strip, except 311 when the smooth muscle is contracted and the collagen does not contribute to the stress. However,
312
there are greater increases in the stress due to contributions from the ASM in the modified strip as 313 k 1 increases. In contrast, as k 1 increases in the original strip, the stress due to ASM forcing is never 314 dominant so there is a reduction in the stress (blue curves in Figs. 7(a,d,g,j) . At the highest agonist 315 level both strips are sufficiently contracted for the collagen to have no effect and the increased 316 ASM content of the modified strip results in a greater stress. with an increase in hysteresis as the oscillation amplitude increases (Figs. 7(f,i,l) ).
326
For identical oscillatory stretches, mechanical loads experienced by ASM within the airway 327 wall are not identical to those experienced by ASM in the tissue strip. We now compare the 328 predicted static radii and hoop-stresses of the airway (red circles in Fig. 8(a) ) with equivalent 329 tissue-strip length and static longitudinal stresses (green diamonds in Fig. 8(a) ) under increasing 330 agonist. If strips are subjected to fixed-amplitude length oscillations (green arrows in Fig. 8(a) ) 331 under increasing agonist, the operating points (green diamonds) are at very different parts of the 332 stress-strain curve to those in the intact airway (red circles) and therefore have different baseline 333 stiffness or compliance. Applying fixed-amplitude force oscillations (blue arrows in Fig. 8(a) ),
334
for increasing agonist, gives operating points indicated by the blue squares in Fig. 8(a) which are 335 closer to the intact airway (red circles). However, both force-and length-oscillations in the strip 336 (green and blue arrows) will not necessarily follow the initial path followed by applying pressure Fig. 4(a) , with transmural pressure iso-lines (red curves). Lowest black square is hoop stress and outer radius in the undeformed, unactivated state. Heavy black curve on the zero agonist curve indicates change in hoop stress and outer radius as a result of increasing transmural pressure from 0 to 7.5cmH 2 O in the unactivated airway. Green diamonds indicate longitudinal stress that would be applied to a tissue strip held at fixed length in the presence of increasing agonist (isometric experiments); green arrows indicate initial paths that may be taken to apply length oscillations. Blue squares indicate operating points of longitudinal stress and tissue-strip length, for a strip under a fixed load (isotonic experiments) in the presence of increasing agonist; blue arrows indicate initial paths that may be taken to apply force oscillations. Solid red circles indicate operating points of hoop stress and outer wall radius in the presence of increasing agonist for fixed static transmural pressure for which both force and radius vary (auxotonic loading) along the initial paths indicated by the red arrows. (b) Force-length load characteristics predicted by Latourelle et al. [22] for an airway by assuming the pressure-radius relationship of Lambert et al. [18] and the Laplace approximation for thin walls (reproduced with permission from the APS). F/Fo is the muscle force relative to optimal force; L/Lmax is the muscle length relative to Lmax (the length of relaxed muscle at a transpulmonary pressure of 30 cmH 2 O). Equivalent stress-radius load characteristics for our model at (c) the lumen and (d) the outer wall (extracted from blue and red curves in Fig. 4 ) for P T M ranging from 0 to 10 cm H 2 O. τ max and r max are the hoop stress and radius respectively at either the lumen or at the outer wall at P T M = 10 cm H 2 O.
oscillations as indicated by the red arrows in Fig. 8(a) . These differences are further magnified when compared with the stress-radius curves at the lumen. Experimental measurements, however,
339
focus on lumen radius, where the hoop stresses are significantly different to those in the tissue 340 strip and for which the behaviour departs from that of the outer wall (Fig. 4(a) force-length characteristics to drive a servo-controller in tissue-strip experiments (Fig. 8(b) ). Their characterised by the sigmoidal curves in Fig. 8(b) . In contrast, load characteristics at the lumen
350
( Fig. 8(c) ), predicted by our model, show a universal increase in hoop stress with increase in length.
351
The load characteristics at the outer wall curves shown in Fig. 4(a) . Identical stretches applied to the modified tissue strip further exaggerate 360 differences between the mechanical behaviour of the airway and the strip, with measurements of 361 contractile force in the tissue strip potentially overestimating those that may occur in the airway.
362
These results strongly suggest that the non-linear strain-stiffening effect of the extracellular matrix 363 in the in vivo environment contributes to the integrated dynamic response of the airway to pressure 364 oscillations, which the modified tissue strip fails to replicate. to limit the amount of strain that could be transmitted to the contractile machinery in the ASM cell,
375
limiting the degree of bronchodilation that could be achieved. In the present study we have addi- pressure fluctuations for small g 1 i.e. for low detachment rate of latch bridges (Fig. 7(c) ). The 392 decrease in stress with increase in agonist concentration (Fig. 4(c) ) is counter-intuitive at first 393 glance. To explain this, we note that as P T M is increased for the unactivated airway (moving up the zero-agonist curve in Fig. 4(b) ), the lumen hoop stress increases significantly; for the same 395 strain and applied P T M , the lumen hoop stress is greater than the hoop stress at the outer wall (inset 396 of Fig. 4(b) ) and places the lumen radius on a much stiffer part of the stress-strain curve (Fig. 5 ).
397
Consequently, although agonist increases contractile force, it causes only a small reduction in 398 lumen radius.
399
This behaviour is a direct consequence of the fact that airway radius cannot be held at some 400 fixed value (as tends to be done in isometric tissue-strip experiments), so that as the airway con-401 tracts (from an initially stretched state), the stretch experienced by the airway moves from where 402 collagen stiffness dominates (Fig. 7(d) ), to a point where collagen is derecruited (Fig. 7(j) ), so that 403 the mid-point of the stretch oscillation moves down the stress-strain curve (Fig. 4) . Given that the 404 stress-strain curve combines the effect of stiffening due to collagen recruitment at large transmural 405 pressures and stiffening due to contraction at lower transmural pressure, this change in"operating"
406
radius is more likely to occur in vivo and is not accounted for in tissue strip experiments. Indeed, at 407 a fixed operating length, increasing agonist concentration would result in increased hoop stresses.
408
Furthermore, the same mechanism causes the mid-point of the stretch oscillation in the airway 409 wall to increase with increasing amplitude of oscillation for larger latch-bridge detachment rate, g 1 ,
410
(Figs. 7(e→k)) thus moving up the stress-strain curve, and therefore to an effectively stiffer airway. 
416
Furthermore our model predicts that structural heterogeneities, such as those that arise from 417 localisation of ASM bundles closer to the lumen, exaggerate quasi-static and dynamic stress het-418 erogeneities across the airway (Fig. 6 ). This appears to be a consequence of transmission of strain The counter-intuitive observations above are a result of intricate relationships between strain-432 stiffening at high transmural pressure and the effect of airway narrowing at high agonist levels.
433
We can effectively capture the inter-relationships by considering regional compliance which is a 434 measure of the amount of stretch required to generate a hoop stress at a particular location (Fig. 5 ).
435
The heterogeneity in stiffness (resulting from different hoop stresses at the lumen compared to 436 those at the outer wall) is readily observed in Fig 5(a,c,d ) where the given increases in transmural 437 pressure result in different static stiffnesses at the lumen compared with the outer wall. In contrast,
438
application of agonist causes a shift of the static stiffness-radius curves to the right which, in com-
439
bination with the non-linearity of the static stiffness-radius curves, causes a decrease in stiffness at 440 both the lumen and outer wall for the given increases in transmural pressure (Fig 5(b,c,d) ). Further-441 more, there is evidence of heterogeneity in the dynamic compliances; pressure fluctuations cause a 442 significant reduction in compliance at the lumen for all agonist levels ( Fig. 5(c) ), but only at higher 443 agonist levels at the outer wall ( Fig. 5(d) strips [6, 34, 22, 29] and volume and pressure oscillations to isolated, intact airways [21, 28] .
Length oscillations applied to strips were shown to significantly decrease contractile force, a re-453 sponse which has been attributed predominantly to disruption of crossbridge cycling [27, 7] . In ( Fig. 8(d) ) since the stresses in the tissue strip are similar only to the outer wall stresses when the 472 same stretches are applied (blue and green curves/loops in Fig. 7) . That is, the length oscillations need to be applied to increasing lengths for increasing agonist to mimic zero transmural pressure 474 but applied to decreasing lengths for increasing agonist to mimic transmural pressure of 10 cmH 2 O
475
( Fig. 8(d) ).
477
Stress heterogeneity in the airway wall significantly affects predictions of auxotonic loading con-
The variation of stress heterogeneity across the airway wall with increasing agonist concentration 480 makes the difference in stress between the tissue strip and the airway even greater (Figs. 8, 7(d,g,h) ).
If the tissue-strip stretch were fixed and length oscillations applied about this reference length, we 482 would see a dramatic increase in stress and a shift to more compliant parts of the stress-strain curve,
483
in contrast with the decrease in hoop stress predicted for the auxotonic loading conditions that may 484 operate in vivo (Fig. 8) to apply oscillations to tissue strips that were neither length nor force-driven. Their loading condi-487 tion, however, was based on the semi-empirical pressure-radius relationship of Lambert et al. [18] 488 and the Laplace approximation for thin walls, which fails to account for the stress heterogeneity shown). We suggest that future experimental studies on tissue strips should utilise loading charac-
494
teristics for both the lumen and outer wall as predicted here to deliver oscillations that mimic more
495
closely the in vivo situation and therefore to obtain more realistic tissue response.
497
Potential effects of stress heterogeneity on airway remodelling
498
The large compressive stresses at the lumen ( Fig. 7(a,c) ) predicted above are, in part, a consequence 499 of the inherent assumption in the model that ASM and collagen fibres are uniformly distributed 500 across the airway. If the distribution of these were heterogeneous, so that collagen fibre density is 501 higher near the lumen than at the outer wall, then the stress and compliance heterogeneity may be 502 reduced. Indeed it seems unlikely that cells can reside in such heterogenous micromechanical en- stress heterogeneity, potentially resulting in heterogenous fibre density distributions [13, 31, 35] .
507
Imaging studies such as those of Clifford et al. [5] which utilise 3D confocal microscopy to visu-508 alise ECM within the walls of pressurised blood vessels could be a powerful tool for determining 509 27 spatial distributions of ECM and ASM fibre density in the airway.
Model limitations
513
We have assumed an axisymmetric geometry for the airway which is unrealistic especially in 514 strongly contracted airways where large compressive forces are likely to cause buckling and mu-515 cosal folding and thus modify the micromechanical stress environment. Additionally, the basement 516 membrane, with its high collagen content, has not been explicitly modelled here. Instead we have 517 opted to focus on the stress distributions within the stiffer smooth muscle layer (with its active com-518 ponents). An inner (passive) mucosal layer could be added in future studies, within which stress 519 distributions would be modified to some extent. However, the mucosal layer is relatively soft com-520 pared to ASM and other wall components, so while the deformations might be quite dramatic,
521
they may not have a major role on the overall airway stiffness. As it stands the stress predictions 522 from the current model predict onset of buckling (as regions of compressive stress), which also 523 depends on the relative stiffness of the muscle and mucosal layer [36] . Buckling at the inner wall 524 can be anticipated for P T M = 0 near the inner wall (Fig. 4) , where the stress becomes strongly 525 compressive; the effect of buckling near the inner wall would likely be to reduce the magnitude of 526 the compressive stress locally, without significantly altering tensile stress predictions elsewhere.
527
We have shown that structural heterogeneity in the ASM fibre density (with greater ASM nearer 528 the lumen than the outer wall) appears to further exaggerate stress heterogeneities predicted under 529 the assumption of uniform fibre densities. We have however, had to limit the heterogeneity in fibre 530 density to having a small gradient. We believe that steeper gradients in smooth muscle distribution 531 may violate technical criteria that the underlying solid mechanics have to satisfy (such as convexity 532 of the strain energy), demanding more profound adjustment to the model; this refinement will be 533 considered in future studies.
534
Although we have modelled a generic airway (potentially from any part of the tracheo-bronchial come from collagen as the main constituent of connective tissue in airways. By fitting the nonlin-ear elasticity parameter values C 1 and C 2 , to their passive pressure-radius curves, we are able to 540 identify behaviour specific to the airways they used in their study. In any case, ECM is present in 541 essentially all tissues so there will always be some effect of the strain-stiffening behaviour of col-542 lagen, the extent of which will almost certainly be generation-dependent. Passive pressure-radius 543 curves for airways from different generations could be used (e.g. [18, 9] ) to apply our model 544 more generally, and to integrate models of many airways in into a branching network, which will 545 potentially have different effective pressure-area and stiffness-area curves when activated.
546
There is considerable evidence that cells sense and respond to their mechanical environment here, but will be considered in future studies. An important limitation is that internal stresses in 552 the airway wall are currently difficult to access experimentally, and so this work has not been vali- than the height and width, which are roughly equal.
593
A strip of unstressed equilibrium length L u , subject to uniaxial strain, is considered, so that to take into account the fibre-stiffening, so that and I 6 ≡ M 2 · (CM 2 ), so that I 4 = I 6 = λ 2 are the square of the stretches of the fibres, which due 616 to the symmetry are stretched equally.
617
We assume that the active force, A, generated by ASM cells within the fibres is only implicitly 618 dependent on fibre stretch (via the the HHM model for acto-myosin dynamics) and therefore is 619 independent of I 4 and I 6 ; i.e., the stretch affects the applied velocity (which feeds into the HHM 
we model the active component of the strain-energy function as:
Determination of A at each time step of a length oscillation is based on the solution of the PDE's governing the HHM model for acto-myosin dynamics. 
Assuming that the sides of the strip are stress-free, p = 1/λ and 632 τ xx = τ yy = 0, (A-11)
Conservation of momentum is satisfied and
We assume that λ is prescribed as we apply length oscillations to match the strains applied to the 634 airway via P T M oscillations. To model application of force oscillations, τ ss would be prescribed. forces as it is recruited during stretch, but not during shortening when it becomes de-recruited.. Latourelle et al. [22] for an airway by assuming the pressure-radius relationship of Lambert et al.
840
[18] and the Laplace approximation for thin walls (reproduced with permission from the APS). 
